Purpose: To compare treatment plans for interstitial high dose rate (HDR) liver brachytherapy with 192 Ir calculated according to current-standard TG-43U1 protocol with model-based dose calculation following TG-186 protocol. Methods: We retrospectively evaluated dose volume histogram (DVH) parameters for liver, organs at risk (OARs) and clinical target volumes (CTVs) of 20 patient cases diagnosed with hepatocellular carcinoma (HCC) or metastatic colorectal cancer (mCRC). Dose calculations on a homogeneous water geometry (TG-43U1 surrogate) and on a computed tomography (CT) based geometry (TG-186) were performed using Monte Carlo (MC) simulations. The CTs were segmented based on a combination of assigning TG-186 recommended tissues to fixed Hounsfield Unit (HU) ranges and using organ contours delineated by physicians. For the liver, V 5Gy and V 10Gy were analysed, and for OARs the dose to 1 cubic centimeter (D 1cc ). Target coverage was assessed by calculating V 150 , V 100 , V 95 and V 90 as well as D 95 and D 90 . For every DVH parameter, median, minimum and maximum values of the deviations of TG-186 from TG-43U1 were analysed. Results: TG-186-calculated dose was found to be on average lower than dose calculated with TG-43U1. The deviation of highest magnitude for liver parameters was -6.2% of the total liver volume. For OARs, the deviations were all smaller than or equal to -0.5 Gy. Target coverage deviations were as high as -1.5% of the total CTV volume and -3.5% of the prescribed dose. Conclusions: In this study we found that TG-43U1 overestimates dose to liver tissue compared to TG-186. This finding may be of clinical importance for cases where dose to the whole liver is the limiting factor.
MBDC of current interest for 192 Ir brachytherapy include collapsed-cone point kernel superposition [11] [12] [13] , gridbased Boltzmann solvers [14, 15] as well as reference Monte Carlo (MC) simulation [16] . Different treatment planning systems (TPS) have adopted some of the algorithms listed above [13, 17] . In the context of 192 Ir high dose rate (HDR) brachytherapy, the use of MBDC is particularly important for treatment sites in the vicinity of tissue/air or tissue/lung interfaces, and wherever variations of tissue density play an important role [1] .
The treatment of liver malignancies by CT-guided HDR brachytherapy, where fluoroscopy-CT is employed for catheter insertion and three dimensional (3D) breath-hold CT for treatment planning, is associated with encouraging clinical results for liver metastases as well as hepatocellular carcinoma [18, 19] . It serves as an alternative to traditional treatment methodologies such as stereotactic body radiation therapy (SBRT) [20] [21] [22] [23] [24] , transarterial chemoembolization (TACE) [25, 26] and radiofrequency ablation (RFA) [27] for nonresectable tumours. At the hospital of the Ludwig-Maximilians-Universität München (LMU Munich), 196 patients were treated with interstitial brachytherapy for liver malignancies in 2018 , and coincidentally also in 2019.
The goal of this study was to assess whether MBDC are required for accurate dosimetry of liver brachytherapy given the organ's proximity to the lung, its higher density than water, and the proximity of organs at risks (OARs) such as the stomach or duodenum (in addition to healthy liver tissue). MBDC were retrospectively compared to TG-43U1 calculations for liver cancer cases treated with 192 Ir HDR brachytherapy, by employing CTbased, gold-standard MC simulations performed with the AMIGOBrachy [28] platform. Dose volume histogram (DVH) indices for the clinical target volume (CTV), for the OARs and for the whole liver were compared between TG-186 and TG-43U1 dose distributions.
Materials and methods

Clinical cases
This study retrospectively evaluated 20 treatment plans of 18 patients (15 males and 3 females) who were diagnosed with either metastasized colorectal cancer (mCRC) or hepatocellular carcinoma (HCC) and were treated with interstitial CT-guided brachytherapy at the university hospital of the LMU Munich. The patients had one (10 cases) or multiple (10 cases) lesions in the liver. The total number of treated lesions was 41. CTVs showed a high variation in volume, from less than 1 cm 3 up to about 280 cm 3 , and as a consequence the number of dwell positions per CTV ranged from less than 10 to 100. Doses of 12, 15, 20 or 25 Gy were prescribed and administered in a single fraction. The cases were selected to ensure a high variety and even distribution of prescription doses, number of CTVs, OAR types and medical diagnosis. Furthermore, no unused catheters were present and at least one OAR was delineated for every case. Table 1 contains more detailed information about the patients' characteristics.
Prior to treatment, brachytherapy catheters were inserted under fluoroscopy-CT guidance and local anaesthesia using a Seldinger technique. To achieve accurate placement of a catheter, a hollow gauge needle was first placed inside the lesion, then a stiff angiography guide wire was inserted into the needle. An angiography sheath was then inserted over the guide wire and the brachytherapy catheter was thereafter inserted into the angiography sheath [18, 29] .
After successful placement of the catheters, a contrastenhanced planning CT (SOMATOM Definition Edge, Siemens) was acquired using an end-of-exhale breathhold technique. Catheter reconstruction, treatment planning and dose optimization were performed with the Oncentra Brachy treatment planning system (Elekta AB, Stockholm, Sweden) which uses the dose calculation algorithm of the TG-43U1 protocol. For each case the CTVs were delineated, which correspond to the GTVs extended by a 0-1 mm margin. As there are few setup or motion uncertainties in brachytherapy, the planning target volume (PTV) is equal to the CTV. Furthermore, the whole liver and a set of OARs were contoured for clinical treatment planning, from which the most relevant were selected for analysis in this study. The stomach was the most frequent OAR (14 cases), followed by heart (8 cases), bowel and colon (7 cases), right kidney and duodenum (5 cases), esophagus (4 cases), bile duct (3 cases), and gall bladder (1 case). Table 1 lists the relevant OARs for each case.
Brachytherapy treatment was administered with an HDR afterloading system (Flexitron, Elekta AB, Stockholm, Sweden) using an 192 Ir HDR source.
MC simulations
MC simulations were performed with MCNP6 (Monte Carlo n-Particle, version 1.0 [30]), which is integrated in the auxiliary software AMIGOBrachy [28] . A phase space source was used for calculation, validated in a previous study [31] . As a TG43-U1 surrogate, we employed an MC simulation with the whole patient geometry set to water (D w,w ). We used this instead of the TG-43U1 dose from the clinical TPS to avoid introducing biases which could be caused by TPS-specific aspects such as TG43-U1 parameter interpolation or cable modelling. For assessing dose transported in medium and scored in water (D w,m ) or scored in the medium itself (D m,m ), MC simulations were performed on a heterogeneous patient model (TG-186) based on the CT geometry. The CT images were segmented using auxiliary software, AMIGOBrachy [28] , to create voxel geometries consisting of 5 tissues (lung (ρ = 0.26 g/cm 3 ), mean adipose tissue (ρ = 0.95 g/cm 3 ), mean male soft tissue (ρ = 1.03 g/cm 3 ), mean female soft tissue (ρ = 1.02 g/cm 3 ), liver (ρ = 1.06 g/cm 3 ), and cortical bone (ρ = 1.92 g/cm 3 )), with compositions and densities recommended by TG-186 [1] , and air (ρ = 0.0012 g/cm 3 ). The segmentation was performed by assigning homogeneous densities corresponding to the tissues specified above to fixed Hounsfield Unit (HU) ranges (see Table 2 ). We chose to assign reference densities instead of densities derived from a CT calibration curve to account for variations in density in organs which contained contrast agent, since during the time period from CT acquisition to treatment administration the contrast agent concentration decreased in the patient. In every case the liver was overwritten with a homogeneous density and composition according to TG-186, using the delineated organ contours. Parts of certain OARs (heart, kidney) were initially misassigned due to a high concentration of contrast agent. In these cases, the affected voxels were overwritten with mean male/female soft tissue density and composition. MC calculations were performed on an interpolated version of the CT grid. Voxel dimensions within transversal planes of the CT grid ranged from 0.61 mm to 0.98 mm for the different cases and were deemed small enough for direct adoption to the dose calculation grid of the simulation. CT slice resolution ranged from 2 mm to 3 mm and was interpolated to enable a dose grid slice resolution of 1 mm. Dose values were approximated as collision kerma assuming charged particle equilibrium, so secondary electrons were not transported [32, 33] . Simulations were performed using a track length tally and adopting massenergy absorption coefficients (μ en /ρ) from the National Institute of Standards and Technology (NIST) [34] for either water (D w,m ) or medium (D m,m ) to convert photon energy fluence to collision kerma/dose. Calculations were performed using the 192 Ir photon spectrum available from the National Nuclear Data Center [35] . The calculation method has been described in detail by Fonseca et al [28, 31] and was also used by several authors [36] [37] [38] . The dose was cut off at a maximum value of 200 Gy for better comparison with the TPS, which uses this cutoff as a standard. MC uncertainties for all cases were assessed by calculating the voxel-wise standard deviation of repeated MC simulations and determining its maximum value within the 30%-isodose line (relative to prescription dose) for D w,w and D w,m . D m,m uncertainties are of the same magnitude as D w,m uncertainties for the calculation method used in this study. We set the number of particles (up to 4x10 10 for the different cases) such that D w,w standard deviations within the 30%-isodose line were all below 0.8% and D w,m standard deviations below 1.3%. To analyse the influence of these uncertainties on DVH parameter estimation we repeated the simulation for case iv (chosen arbitrarily) after increasing the number of histories by a factor of 10 and compared the DVH parameters with the results for the original number of histories. This led to deviations in the DVH-parameters that were all smaller than 0.2% of the respective DVH parameter value and were therefore considered negligible.
Dosimetric comparison
To evaluate differences between TG-43U1 and TG-186 in terms of clinically relevant quantities, DVH parameters were calculated for the liver, OARs and CTVs. To assess liver toxicity, the fractional liver volumes receiving at least 5 Gy or 10 Gy were calculated (V 5Gy and V 10Gy , respectively). For each OAR, the dose to 1 cubic centimeter (D 1cc ) was calculated. For the CTVs we considered the fractional volumes receiving at least 150%, 100%, 95% or 90% of the prescribed dose (V 150 , V 100 , V 95 and V 90 , respectively), and the doses that were administered to 95% or 90% of the CTV volumes (D 95 and D 90 , respectively).
We determined for each DVH parameter the median, minimum and maximum values over all treatment plans, calculated with D w,w . To analyse the deviations between TG43-U1 and TG-186 we considered the absolute difference of TG-186-calculated parameters from D w,w . Median, minimum and maximum of these deviations were calculated. For liver and OARs, the DVH parameters were compared to clinical tolerance limits.
Results
We report the comparison of D w,w and D w,m in the following subsections, divided into liver, OAR and CTV DVH parameter analysis. All of the reported results were obtained by MC simulations. Tables with the values for D m,m were not included, since the results were similar to the comparison of D w,m and D w,w and thus do not provide additional insights. For completeness they can be found in the Appendix (Tables 6, 7 and 8) .
For an easier comparison between parameters, we also included the deviations from TG-43U1 in percentage of the corresponding parameter value. The tables can be found in the Supplementary material (S1, S2 and S3).
Liver dose
As an assessment of the influence of TG-186 on DVH parameters for the liver, we report D w,w -calculated parameters as well as the absolute difference between D w,m -and D w,w -calculated parameters for V 5Gy and V 10Gy shown in Table 3 and Fig. 1a . The median of D w,w was well within clinical tolerance levels, the maximum values exceeded tolerances by a few percent for both V 5Gy and V 10Gy . The values of V 5Gy and V 10Gy showed a very high spread, ranging from a few percent to values above the tolerance limit. The deviations were most pronounced for V 5Gy , ranging from -0.05% to -6.2%. V 10Gy -deviations ranged from -0.01% to -1.7%. The median deviation was -0.8% for V 5Gy and -0.2% for V 10Gy .
For the case with highest deviation (case ii, -6.2%) the V 5Gy -parameter calculated with D w,w was also the maximum value of all cases, 72%. It exceeded the tolerance of 67%. With the reduction of -6.2%, the D w,m -calculated value was just below the tolerance limit (66%). The V 10Gyparameter was also quite high (26%), but did not exceed the tolerance of 33%. For this value, the deviation was -1.7%, which is also the deviation of highest magnitude over all cases for the V 10Gy -parameter. Figure 2 shows the dose distributions for this case and three other cases, calculated with D w,w . For case i, the reduction of the V 5Gy when comparing D w,m to D w,w is clearly visible in the region between two CTVs. The liver is only partly covered by the 5-Gy-isodose line. For case ii, the volume of the D w,m -calculated 5-Gy-isodose is notably smaller than the D w,w -calculated volume. Both cover a large part of the liver. This can also be seen in case iv, where D w,w and D w,m show a deviation close to the body surface. A large part of the liver is enclosed by the 5-Gy-isodose lines in this case. For case xix, the D w,wand D w,m -isodose lines are quite close together, except at lung-tissue interface regions.
OAR dose
For the OARs we report the difference between D w,m and D w,w for D 1cc of each OAR type (see Table 4 and Fig. 1b ). The total number of livers, equal to the total number of cases, was 20. All parameters are given in percentage of the total liver volume and correspond therefore to absolute deviations, not relative to the value of the DVH parameter. The last column shows clinical tolerance levels for the liver The differences in D 1cc ranged from -0.02 Gy to -0.5 Gy. The median differences were of similar magnitude for all types of OAR. The highest deviations were found for colon (-0.5 Gy, -4.8% relative to D w,w -value) and stomach (-0.5 Gy, -3.7% relative to D w,w -value) of case iv. The median D w,w -values were within clinical tolerance limits for most OAR types. There was one case where the D 1cc of the stomach exceeded the limit of 12 Gy both when calculated with D w,w (14.2 Gy) and D w,m (13.7 Gy). Table 5 shows the values of the CTV DVH parameters, calculated for D w,w , as well as deviations of D w,mcalculated values from the latter. The deviations are also visualized in Fig. 3a and b . We observed little change for V 100 , V 95 and V 90 when comparing D w,m and D w,w , with the median deviation being -0.05% for V 100 , -0.02% for V 95 and -0.01% for V 90 . The most important deviation of these parameters was -0.8%. Figure 3a shows that most of the values are concentrated in a range of very low deviation with only a few exceptions. V 150 showed a higher deviation of D w,m from D w,w with a median of -0.4% and a maximum deviation in absolute terms of -1.5%. V 150 -deviations were more widely spread.
Target coverage
Concerning the dose parameters D 95 and D 90 , the deviations from TG-43U1 had a median value of -0.9% of the prescribed dose for D 95 and D 90 . The deviations of largest magnitude were -3.5% for D 95 and -3.4% of the prescribed dose for D 90 . For D 95 , the maximum deviation was found to be 0.3% of the prescribed dose. Since this value corresponds to 0.07 Gy in absolute units, it is considered negligible. The maximum values of D 95 (256% of the prescribed dose) and D 90 (302% of the prescribed dose) corresponded to a case where two CTVs were located very close to one another which resulted in an accumulation of dose in that region.
Discussion
Our calculations found TG-186-calculated DVH-parameters to be in general lower than TG-43U1calculated parameters. This is in good agreement with the results of other groups who reported an overestimation of TG-43U1 in comparison to TG-186 for soft tissue in other tumour entities [4, 6, 8, 10] [8] . For cervix cancer patients, Jacob et al. compared TG-43 to D m,m and reported changes in target coverage parameter D 90 of 2.6%, with similar values for D 95 and D 100 . They found an average relative change of 2.8% in D 1cc for rectum, bladder and sigmoid [10] .
We decided to focus on D w,m -values in the comparison to D w,w , since D m,m -values were very similar to D w,m . This was expected for soft tissues in the range of 192 Ir- The list of OARs for each case can be found in Table 1 . The number of cases containing each OAR is listed in column 2. The last column shows clinical tolerance levels for the OARs. For kidney, the D 1cc is not a parameter that is used in clinical practice, therefore there is no tolerance level for this organ. All parameters are given in Gy energies [1] and will therefore not be further addressed in this study.
Liver dose
The deviations of the V 5Gy -and V 10Gy -parameter are of a magnitude that may be clinically relevant, especially V 5Gy shows large differences between D w,w and D w,m . Since deviations differed strongly from case to case, we tried to find a case-specific feature determining the magnitude of deviation. As a first attempt, we looked at the dependence of deviations on the V 5Gy -parameter. This volume was usually very large compared to other volume parameters (V 95 , V 90 ) resulting in a large travel distance for photons through the liver. Since liver density is higher than water density, photons do not travel as far as in water, and the D w,m -isodose line is pulled back in comparison to D w,w . This effect should be more pronounced for higher values of the V 5Gy -parameter due to an increase in photon travel distance.
To find correlations of the deviations of V 5Gy and the V 5Gy -parameter itself, we plotted in Fig. 4 Due to a number of factors such as the large spread of prescription doses, the variation in number and size of CTVs and the location of CTVs, there is also a large spread in the values of the V 5Gy -parameter. The plot shows that cases with a larger V 5Gy;w,w tend to have relative deviations of larger magnitude. This tendency also explains why Fig. 4 Relative deviations of the V 5Gy -parameter from TG-43U1, plotted over the respective TG-43U1 parameter value in cm 3 . The labels correspond to the cases shown in Fig. 2 deviations of the V 10Gy -parameter, which is usually much smaller than the V 5Gy -parameter, are also smaller in general. Cases marked in the plot correspond to those shown in Fig. 2 . The effect of a higher V 5Gy -volume on the separation of the two isodose lines is clearly visible when comparing case i (Fig. 2a ) to the other cases ( Fig. 2b-d) , neglecting for case i the region between the two CTVs where the separation of the isodose lines is larger.
Other groups also suggested a correlation between deviations from TG-43U1 and photon travel distance path. Thrower et al. and Zourari et al. found that deviations increased with increasing distance from dwell positions [4, 5] for breast cases, although in that case this was mostly due to lung heterogeneities.
Apart from a pure dependency on photon travel distance we also found other possible influences of the magnitude of the V 5Gy -parameter deviation. An example is case i: if we look at Fig. 2a , we see that this case had multiple treated CTVs (3 in total) and the dose in the overlap region between two CTVs was very close to 5 Gy. Since this region is fully enclosed by the liver, it has a high influence on the V 5Gy -parameter deviation. This example shows that the number of source positions or CTVs per case may play a role in the magnitude of deviations of the V 5Gy -parameter, given that the dose between CTVs is in the range of 5 Gy and the CTVs are not too close together.
Another influence on the V 5Gy -parameter is shown in case iv (Fig. 2c) . We can see that the V 5Gy -volume is very large and only a smaller part of the liver is actually influenced by the deviations of D w,w and D w,m . This example demonstrates that not only the magnitude of the V 5Gy -parameter has an influence on the magnitude of the deviation from TG-43U1, but that also the location of the 5-Gy-isodose lines and therefore of the CTVs is important. If the isodose lines are located mostly inside of the liver, deviations will be much more pronounced than in cases like case iv, where most of the isodose lines are outside of the liver.
As can be seen in cases ii, iv and xix (Fig. 2b, c, d) , proximity to lung, body surface or bone also has an influence on the 5-Gy-isodose. However, since sources are always placed inside the liver and only the percentage of the V 5Gyvolume that covers the liver is clinically relevant, these factors do not have a strong influence on the parameter itself. Only in cases where the 5-Gy-isodose line lies within the liver and at the same time close to a lung-tissue interface region (see Fig. 2d ), loss of backscatter due to less photon attenuation in low-density tissue and therefore a reduction in D w,m -dose is visible.
The data analysed in this study suggests that replacing TG-43U1 with TG-186 may be of clinical relevance if we look at typical parameters for the assessment of liver toxicity. There were a few cases where liver parameters were close to the tolerance limit. TG-186-calculated parameters showed a reduction in these parameters of up to 6.2% of the absolute liver volume. This result is important in clinical decision making regarding cases where a sufficient local tumour control can only be achieved by giving a relatively high dose to a large part of the liver. The wide spread of relative deviations for the V 5Gy -parameter from a few percent up to almost -9% (see Fig. 4) shows that there is a variety between cases that is not taken into account when only TG-43U1 is used for dose calculations. Studies have been performed on the tolerance of liver tissue to brachytherapy using radiation-induced liver damage (RILD) as a biological endpoint [39] . Our findings support a reassessment of current tolerance limits when computing dose following TG-186.
OAR dose
For the OARs, the deviations in absolute terms were small. There was one case (case iv) where the difference was -0.5 Gy for colon and for stomach. These organs were analysed in the CT images and a possible reason for increased deviations could be a larger distance from the brachytherapy source and therefore a reduction in dose because photons are travelling through liver tissue of higher density. However, this reduction is too small to have an impact on clinical treatment planning dose.
Target coverage
CTV volume parameters V 100 , V 95 and V 90 show very small deviations from D w,w for most of the cases. This is primarily due to a very good coverage of the CTVs: For V 100 , V 95 and V 90 the median value of D w,w was 100%. Therefore, any deviations from TG-43U1 can hardly be seen in these parameters. V 150 has a median value of 85% and shows higher deviations from TG-43U1. This can be explained by the fact that this parameter was always located in a region of higher gradient of the DVH, where small deviations cause a major change of parameter value. These results agree with the findings of other groups who also reported an increase in deviations for V 150 compared to the other volume parameters [5, 8] . However, V 150 and V 100 are of little clinical relevance in brachytherapy for liver metastases, because there is no demand for a homogeneous dose profile in the target volumes. These parameters were mainly included for better comparison to other brachytherapy treatment sites such as breast, where they play an important role in determining plan quality.
The dose parameters D 95 and D 90 show slightly larger deviations than the volume parameters when comparing the percentage values. This can be explained by the fact that these values are located in the gradient of the DVH curve, and no longer in the plateau like most of the volume parameters. Still, these deviations are all well below 1 Gy and will therefore have no major influence on the target coverage.
In this study we observed that the location and number of dwell positions as well as the liver volume are important parameters that influence the magnitude of deviations between TG-43U1 and TG-186, thus it may be interesting to systematically investigate their combined effect. For cases where doses to the whole liver are close to tolerance limits and where TG-186 dose is notably reduced compared to dose calculated by TG-43U1, a reassessment of tolerance doses may be beneficial. Further studies are needed to investigate this issue, since model-based dose calculations are not yet used as a standard in clinical practice.
The results of this study are limited by the tissue segmentation which only included 5 tissues. Furthermore, there was a high variety in number, size and location of CTVs, number and type of OARs and prescription doses, which makes a quantitative comparison between cases difficult.
Photon propagation through medium leads to modifications in the energy spectrum which increase with larger distance from the source. For 192 Ir, modifications were found to be of a relevant magnitude in a previous study [31] . This can lead to errors in the conversion of D w,m to D m,m and vice versa. Since both of these properties were calculated on the fly in MCNP instead of employing any conversion factors, our results are not affected by these errors.
Since the liver is subject to a lot of intrafractional motion and treatment times can take up to 60 min [40] , performing dose calculations on 4DCT data would be highly useful for estimating additional dose calculation errors due to motion. Respiratory motion has proven to have an impact on stereotactic ablative radiotherapy (SABR) plans for the treatment of hepatocellular carcinoma [41] due to the high magnitude of liver motion, which can exceed 5 mm even during usage of abdominal compression [42] and is different for different liver segments [43] . Another area of interest would be cases where the lung or parts of the bone, e.g. the thoracic wall, are considered to be OARs. Due to the highly different density compared to water these organs would supposedly be more sensitive to deviations of TG-186 from TG-43U1.
Conclusion
This study is to our knowledge the first one comparing TG-43U1 to TG-186 for the interstitial 192 Ir HDR brachytherapy treatment of liver metastases and hepatocellular carcinoma. We found a general overestimation of DVH parameters by TG-43U1 compared to TG-186, especially regarding the liver V 5Gy -parameter, of up to 6.2% of liver volume. Deviations from TG-43U1 regarding dose to OARs and target coverage were all well below 1 Gy. We conclude that there may be a clinical benefit of reporting TG-186 alongside TG-43U1 for cases where differences between the calculation methods are high and doses to the whole liver are close to tolerance limits. Table 6 Comparison of D w,w and D w,m as well as D w,w and D m,m for liver DVH parameters The list of OARs for each case can be found in Table 1 . The number of cases containing each OAR is listed in column 2. All parameters are given in Gy The number of treated lesions for each case can be found in Table 1 . The total number of treated lesions over all cases was 41. All volume parameters are given in percentage of the total CTV volume, all dose parameters in percentage of the prescribed dose
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